ABSTRACT The impact of ash deposition levels on canopy arthropods was studied on the West Indian island of Montserrat, the site of an ongoing volcanic eruption since 1995. Many of the islandÕs natural habitats have been buried by volcanic debris, and remaining forests regularly receive volcanic ash deposition. To test the effect of ash on canopy arthropods, four study sites were sampled over a 15-mo period. Arthropod samples were obtained using canopy fogging, and ash samples were taken from leaf surfaces. Volcanic ash has had a signiÞcant negative impact on canopy arthropod populations, but the decline is not shared equally by all taxa present, and total population variation is within the variance attributed to other aboitic and biotic factors. The affected populations do not differ greatly from those of the neighboring island of St. Kitts, which has not been subject to recent volcanic activity. This indicates that observed effects on MontserratÕs arthropod fauna have a short-term acute response to recent ash deposition rather than a chronic depression caused by repeated exposure to ash over the last decade.
A volcanic eruption on Montserrat, West Indies, has provided a unique opportunity to study how the regular deposition of volcanic ash on an otherwise intact habitat affects the arthropod communities of the forest canopy. Since the onset of eruption in 1995, the southern 60% of the islandÕs hill forests have been destroyed (Hilton et al. 2003) , and habitat in the north is suffering increased disruption as the islandÕs human population rebuilds necessary infrastructure destroyed by the volcano. Those forests not leveled by volcanic activity or cleared for development are repeatedly exposed to windborne volcanic ash, which is persistent in the environment, causing concern over the fate of MontserratÕs insect fauna and the insectivorous species that depend on it.
Montserrat is a United Kingdom Overseas Territory that lies in the inner, volcanic arc of the Lesser Antilles. The island consists of six old volcanic cones, modiÞed into four hill ranges (MacGregor 1938) , three of which, the Centre, Soufriè re, and South Soufriè re Hills, reach 700 Ð900 m (Fig. 1 ). Montserrat has a tropical climate, with rainfall varying regionally from Ϸ100 to 200 cm/yr (Johnson 1988) . Vegetation types represented include dry scrub, secondary rainforest, palm brake, and elÞn woodland (Beard 1949) .
In 1995, MontserratÕs Soufriè re Hills volcano erupted for the Þrst time in recorded history, but it is only the latest in a series of eruptions that go back to the origin of the island. Like most ash volcanoes, the continual building and collapse of a lava dome results in pyroclastic ßowsÑhigh-speed avalanches of Ϸ500ЊC boulders and ash (Montserrat Volcano Observatory Team 1997 , Cole et al. 1998 , Stone 2003 . Pyroclastic ßows are accompanied by hot gas and ash surges (Montserrat Volcano Observatory Team 1997) , and lofting ash plumes reaching up to 10 km high (Cole et al. 1998) . The ash in these plumes rains down on Montserrat in amounts that vary by distance from the volcano and contemporaneous winds. Between July 1995 and January 2004, the Soufriè re Hills volcano experienced six major and several minor dome collapses, the largest and last on 12Ð13 July 2003. This has left the southern two thirds of the island, including the capital Plymouth, buried under rock, ash, and mud, or carved into tiny habitat fragments between pyroclastic deposits.
The biotic effects of ash volcanoes on insect populations vary from widespread and catastrophic to subtle and localized. Effects on insects of volcanic ash from the Irazú volcano (Costa Rica, 1963Ð1965) and Mount St. Helens (Washington, 1980) ranged from the equivalent of a short-term, broad-spectrum insecticide application (Klostermeyer et al. 1981) to the long-term disruption of herbivore-predator-parasitoid equilibria (Wille and Fuentes 1975) . The main cause of insect mortality after exposure to volcanic ash was desiccation, resulting from abrasion of the insect cuticle (Brown and bin Hussain 1981, Edwards and Schwartz 1981) . Spiracular occlusion, excess salivation from grooming, and the disruption of digestive activity through the accumulation of ash boli in the gut also resulted in mortality (Wille and Fuentes 1975, Edwards and Schwartz 1981) . Insect mortality rates were found to vary by taxon and life stage; the method, duration, and extent of exposure to ash particles; and the availability of shelter or assisted escape (Akre et al. 1981 , Brown and bin Hussain 1981 , Edwards and Schwartz 1981 , Johansen et al. 1981 , Shanks and Chase 1981 . Cook et al. (1981) observed that Mount St. Helens ash could cling tenaciously to leaf surfaces, resulting in potential exposure to canopy dwellers long after an actual ash fall event. Edwards and Schwartz (1981) hypothesized that the environmental persistence of volcanic ash might have consequences for host plants, invertebrate herbivores, pollination syndromes, and insectivorous vertebrates that rely on arthropods for their own success. These types of effects have been hypothesized as possible causes for the decline of the insectivorous Montserrat oriole (Icterus oberi Lawrence, Icteridae) (Hilton et al. 2003) , a single-island endemic species designated "critically endangered" in 2000 (BirdLife International 2000) . The goal of our study was to test whether volcanic ash deposition on an otherwise intact habitat depresses the number of arthropods in a tropical forest canopy community.
Materials and Methods
Sampling Sites. Four sampling sites in MontserratÕs Centre Hills ( Fig. 1 ; Table 1 ) were selected by the Montserrat Forestry Team so that two were in areas that had regularly received large amounts of volcanic ash deposition throughout the duration of the eruption, and two were protected from all but the largest ash-bearing volcanic events. These sites ranged from the southern edge of allowed access to the northern edge of the hill forest and, to the extent possible, were similar in elevation, rainfall, and canopy height, depth, maturity, and heterogeneity. A 10 by 10-m plot was cleared of underbrush at each site and maintained throughout the duration of the project.
For comparison purposes, three sites not subject to ash deposition were selected and prepared on the nearby island of St. Kitts ( (Earle 1926 , Beard 1949 . St. Kitts maintains extensive areas covered by secondary wet tropical forest, palm brake, and dry tropical forest in previously cultivated areas (Beard 1949 ϳ5 min, and insects were allowed to fall on the sheets for 3 h after the completion of fogging (Kitching et al. 1993) . They were swept up with camel-hair drafting brushes, transferred to a Nasco Whirl-pak (Fort Atkinson, WI), and preserved in 70% ethanol. Fogging is ideally performed at daybreak (Ϸ0600 hours on Montserrat) on mornings with little wind after nights with very little or no rain (Roberts 1973 , Kitching et al. 1993 , Stork and Hammond 1997 . Montserrat and St. Kitts do not typically have perfectly still mornings, and at the elevation of the sampling sites, there is often a light rain at Ϸ0400 hours. Fogging proceeded if winds were light and intermittent and if the morning showers did not visibly wet foliage, lasted Ͻ15 min, and Þnished by 0500 hours.
Insect Sample Processing. For two randomly selected Montserrat insect samples (termed "exhaustive samples" below), every arthropod, regardless of size, was removed by hand from samples arrayed in dishes of 70% ethanol under a Wild M3C dissecting scope (Bartles and Stout, Bellevue, WA). As handling these samples alone took Ϸ120 d, all other samples were washed and fractionated to improve the speed and ease with which they could be processed. Each sample to be fractionated was poured into a U.S.A. Standard Testing (soil) Sieve 8 (2.36 mm) nested inside a 60 (250 m) sieve. The sample was gently ßushed with water to separate the large and small items, with volcanic ash, soil, and tiny particulate matter washed away. Each fraction was thoroughly searched for arthropods Ͼ2.5 mm under a dissecting scope. All Coleoptera (regardless of size) and members of other taxa Ͼ2.5 mm were saved in 70% ethanol, and representatives of some species were pinned for further taxonomic work. After leaves and other large debris items were discarded, residues were also saved in 70% ethanol.
Each individual in the exhaustive samples was identiÞed by taxon, measured for length (from front of head to posterior end of body or wings, if held roof-like over the body), and assigned to a size category. Measurements were made using an ocular grid or a small ruler with a dissecting scope. Specimens from the fractionated samples were also assigned to taxonomic and size categories. Because of the urgency of making the results of this study available in time to be useful to the Montserrat oriole (Icterus oberi) conservation effort (Hilton et al. 2005) , individuals Ͻ2.5 mm were not extracted, counted, or used in the analysis. Elimination of these tiny arthropods cut processing time for each sample by Ϸ50%.
Taxonomic discriminations were Orders with a few exceptions. The Hymenoptera counts do not include the ants (Formicidae), which were so abundant that they were given their own category. Counts for the holometabolous insect Orders do not include larvae, which were not always identiÞable. Holometabolous larvae were thus given their own category.
Ash Sampling. For each fogging sample, a relative measure was taken of the amount of ash on the foliage at the sampling site. Foliage samples and their load of ash were collected the morning of each fogging by gently placing 5Ð10 individual leaves of Piper sp. (Piperaceae, known locally as joint bush, an understory shrub common throughout the region) into a Whirlpak and clipping the entire leaf from the bush. The leaves were preserved in ethanol, and the Whirl-pak was sealed.
In the laboratory, the leaves were rinsed with ethanol and dried in a plant press. The dried leaves were scanned with and their images traced in Auto-Montage X.1 (Syncroscopy, Frederick, MD) to determine surface area. The retained contents of the Whirl-pak was transferred into plastic 50-ml centrifuge tubes and centrifuged for 5 min at 4,360g. The liquid was pipetted off, leaving an ash pellet in the bottom of the tube. The pellet was transferred into microfuge tubes and microfuged for 5 min at 15,800g. The remaining ethanol was drawn off, and the ash pellets were dried in a Savant DNA Speed Vac Concentrator (DNA 120) (Thermo Fisher ScientiÞc, Waltham, MA) and spun for 45 min at 65ЊC for the Þrst 30 min. The dried ash pellets were weighed, and these data were combined with leaf surface area to obtain a measure of milligrams of dry ash per meter squared leaf surface area.
Rainfall Data. To examine the confounding effects of recent precipitation, daily rainfall data from the Montserrat Water Authority catchment in Hope Ghaut were used (Montserrat Water Authority, unpublished data). These were the only rainfall data available and were used to calculate total rainfall for the 30 d before each sample period for all four sites. Although we do not have site-speciÞc rainfall values, the four sampling sites are located close enough to each other that rainfall would be expected to be comparable in pattern, although differing somewhat in absolute amounts. Therefore, these data were used to test rainfallÕs effect at all four sites, while recognizing the limitations of this approach.
Analysis. The effect of volcanic ash on Montserrat forest canopy arthropods was analyzed using a series of general linear models (GLMs). All models incorporated site as a random factor to control for the lack of statistical independence between samples collected at only four sites. This allowed the model to estimate the inßuence of foliar ash on arthropod counts while controlling for auto-correlation of within-site measurements. Time was not a factor in the analysis because we were not testing for linear changes in the response variable over time and because the occasion and quantity of volcanic ash depositions were unpredictable. Rather, enough time was allowed to elapse between sampling periods to prevent any carryover effects from previous sampling events.
This model was repeated using each of those taxa making up Ͼ5% of the total as response variables. To identify any effects of recent rainfall on total arthropod numbers, the above GLM model was repeated incorporating recent rainfall (precipitation during the 30 d before fogging) as an additional variable. All GLMs were performed using GenStat Release 8.1.
Several response variables, identiÞed using the Anderson-Darling normality test (P Ͼ 0.05), were transformed so that data used in GLM analyses were To look for differences between sites with historical differences in levels of ash deposition, one-way analyses of variance (ANOVAs) were used to compare total arthropod counts from all four Montserrat sites and St. Kitts, with St. Kitts treated as a single site.
Contingency tables were also used to identify differences in the membership of the canopy fauna of Montserrat and St. Kitts. Using average totals for nine size categories (2.5Ð3.75, 3.75Ð5.0, 5.0 Ð 6.25, 6.25Ð7.5, 7.5Ð9.0, 9.0 Ð10.0, 10.0 Ð15.0, and Ͼ15.0 mm), the analyses compared counts averaged over all Montserrat and St Kitts data and just the July/August 2003 sampling period on Montserrat immediately after collapse of the volcanic dome versus the St. Kitts data. Contingency tables were also used to compare response to ash measurements above and below 150 mg/m 2 for all Montserrat samples. Size categories were used to infer data about affected arthropod taxa rather than comparing taxa directly, because all arthropods measured were included in one of the size categories used, whereas comparison of those taxa well enough represented across samples excluded Ϸ20% of the data. In addition, incorporating Psocoptera, MontserratÕs second-most abundant group, into an analysis of taxa gave all groups such high residual values as to render the analysis meaningless for making inferences about population differences.
Results
A total of 46,683 Montserrat forest canopy arthropods from 34 samples was counted, measured, and analyzed during the course of this study. Only 7 of the 15 taxonomic categories recognized made up Ͼ5% of the total, and together they made up Ͼ80% of the arthropods collected. Examining relative abundance by taxon (Fig. 2) , ants constitute the largest single portion of the arthropod fauna at 31.13%, and Psocoptera and Orthoptera are the only other taxa with Ͼ10% of the total (21.08 and 10.72%, respectively). The distribution of total arthropod individuals by size (Fig. 3) is heavily skewed toward the smaller sizes, with 84% of the fauna being 5 mm or less in length.
A GLM of total arthropods (total count of canopy arthropods Ͼ2.5 mm) versus site ϩ foliar ash indicates that volcanic ash had a signiÞcant negative effect on arthropod numbers (F 2,31 ϭ 3.91, P ϭ 0.013, R 2 ϭ 15.0%). Although the experimental design necessitates the inclusion of site as a factor, site did not seem to be an important predictor of arthropod numbers (Table  2) . Adding recent rainfall to the GLM did not increase the explanatory power of the model (F 4,29 ϭ 2.19, P ϭ 0.096, R 2 ϭ 12.6%), and neither recent rainfall nor its interaction with ash had a signiÞcant effect on arthropod numbers (Table 2) . A one-way ANOVA comparing levels of volcanic ash deposition between the four sites indicated no signiÞcant differences in the levels of foliar ash measured during the course of our study (F 3,30 ϭ 1.17, P ϭ 0.336).
A linear regression of total arthropods versus foliar ash, both ln-transformed, had R 2 ϭ 17.8% (ln insects ϭ 7.50 Ð 0.113 ln ash, F ϭ 6.93, P ϭ 0.013; Fig. 4 ). There was a single extremely high value of foliar Ash, 266,805 mg/m 2 (ln ash ϭ 12.49), whereas the next highest value was 11,107 mg/m 2 (ln ash ϭ 9.32), but we know that this data point is a true measurement after a particularly large ash event. When we ran the regression without that data point and compared the two lines using a t-test, the slopes were not signiÞcantly different (t ϭ 0.3752, 63 df). Because this point does not have a particularly large standardized residual (0.92, compared with a mean standardized residual of 1.05 for the regression), we elected to leave it in for the remaining analyses.
To further explore the effect of ash on insect communities, we examined the quantity of ash needed to observe an effect. Back-transformation of the regression in Fig. 4 to raw values (Fig. 5) indicated a sharp initial drop in arthropod numbers over the range 0 Ð150 mg/m and a slower decline as foliar ash increases further. Predicted total arthropods count was 1,808 at 1 mg/m 2 foliar ash and 1,026 at 150 mg/m 2 , indicating a rapid drop in arthropod numbers (43%) as a result of a moderate ash covering. Ash deposition Ͼ150 mg/m 2 has a diminishing impact on arthropod numbers (13% from 150 to 500 mg/m 2 and 33% from 150 to 5,000 mg/m 2 ), possibly indicating decreased sensitivity to ash within the surviving fauna.
A contingency table comparing membership within size categories for all samples with 0 Ð150 mg/m 2 versus those with Ͼ150 mg/m 2 ash indicated a signiÞcant difference in the composition of canopy populations receiving higher and lower ash levels (Pearson 2 ϭ 16.194, 7 df, P ϭ 0.025). Arthropods 3.75Ð5.0 mm in length had the greatest pull on the 2 statistic, but large residual values were distributed among all of the smaller size classes (Ͼ7.5 mm). In each of the 34 Montserrat samples, the 3.75-to 5.0-mm size category was dominated by ants, which were the most abundant member of the canopy community (Ϸ30%) and were shown to be signiÞcantly affected by ash on Montserrat (Table 3) . Also important constituents of this category were Hymenoptera, Lepidoptera, Blattaria, and holometabolous insect larvae, groups that were not abundant enough to warrant their own analyses but whose presence or absence may have an impact on total arthropod numbers.
To examine which portion of the arthropod community was being effected by ash, separate GLMs with site ϩ foliar ash were performed for each of the seven taxa comprising Ͼ5% of total arthropods. Six of the seven taxa tested showed a negative response to foliar ash, but only threeÑPsocoptera, Coleoptera, and FormicidaeÑwere signiÞcant at ␣ Յ 0.1 (Table 3) . Revisiting those taxa with measurable individual responses to ash, the relationship between ash and numbers of individuals is even stronger for ash measurements Ͻ500 mg/m 2 in the Psocoptera and Coleoptera (F 2,20 ϭ 3.89, P ϭ 0.037, R 2 ϭ 20.8% and F 2,20 ϭ 5.46, P ϭ 0.013, R 2 ϭ 28.8%, respectively). Ants do not exhibit a signiÞcant response to ash at levels Ͻ500 mg/m 2 , indicating ants might be resistant to smaller quantities of ash.
To determine whether the arthropod community on Montserrat was depressed below regional norms, we compared the Montserrat sites to nonashed sites on the neighboring island of St. Kitts. A total of 4,419 forest canopy arthropods from three St. Kitts samples was counted, measured, and used in analyses. Although only 3 samples from St. Kitts were available, compared with 34 from Montserrat, the St. Kitts arthropod counts Þt within the range of those found on Montserrat, and average arthropod totals for the islands differed by only Ϸ100 individuals (Fig. 6) . Despite historical differences in ash deposition between the four Montserrat sites and St. Kitts, a oneway ANOVA of total arthropods versus site, with St. Kitts treated as a Þfth site, indicated no signiÞcant differences in arthropod numbers between any of the Þve locations (F 4,32 ϭ 0.17, P ϭ 0.954). Rerunning our GLM of total arthropods versus site ϩ foliar ash, with site as a Þve-level factor (Cassava, Hope, Fogarty, Underwood, St. Kitts), was extremely similar to the model containing data only from Montserrat (F 2,34 ϭ 3.33, P ϭ 0.048, R 2 ϭ 11.5%, compared with above). The site effect was nonsigniÞcant in both models.
Although arthropod totals for the two islands were nearly identical, contingency table analyses comparing membership within size categories, using all Montserrat data and postdome collapse data only (JulyÐ August 2003), indicated signiÞcant difference in the makeup of canopy populations between Montserrat and St. Kitts (Pearson 2 ϭ 19.043, 7 df, P ϭ 0.008, and Pearson 2 ϭ 49.901, 7 df, P Ͻ 0.000, respectively). In both tests, arthropods 3.75Ð5.0 mm again had the greatest pull on the 2 statistic, possibly reßecting the dominance of ash-sensitive ants (Fig. 2) in this size category. Sizes with the second-highest pull on the 2 statistic were also dominated by ants and psocids in both analyses.
Discussion
This study took place over 15 mo consisting of long periods in which the volcano was quiet, punctuated by large ash fall events associated with dome collapses and the accompanying pyroclastic ßows (SeptemberÐ October 2002, December 2002) and a major dome collapse with explosive activity (July 2003) . During that period, insect populations ßuctuated widely, as evidenced by samples varying from a high of 3,442 Coordinates for the sample with the highest ash measurement (226,804.98 mg ash versus 285 arthropods) were excluded so that the spread in ash measurements could be more easily portrayed. specimens (Hope, 16 July 2002) to a low of 235 (Fogarty, 30 July 2003) . Our data show that volcanic ash has had a signiÞcant impact on forest canopy arthropods, but this effect was limited in both intensity and duration.
Directly modeling insect numbers versus volcanic ash showed that ash had a signiÞcant impact, and taking a closer look at this relationship revealed that populations declined after exposure to relatively limited quantities of ash. However, the amount of population variability explained by ash lies within the range of normal variation caused by other abiotic and biotic factors and is substantially smaller than all other causes of variation combined. Despite some differences in community composition, Montserrat forest canopy arthropod counts are still comparable with those from St. Kitts, indicating that arthropod totals are not outside the normal range for the region after a decade of ash fall from the Soufriè re Hills eruption. Two Montserrat sites had a layer of volcanic ash between the soil surface and organic detritus layer of the forest ßoor, and ash was visible clinging to leaf surfaces, in the crevices of tree bark, dead stumps, tangles of roots, and branches, and any other environmental receptacles. At the other two sites, persistent ash was not as visibly obvious in the environment. Despite this apparent difference in historical ash deposition, the absence of a signiÞcant site effect indicates that years of higher levels of ash deposition at Hope and Cassava have not had a lasting impact on arthropod numbers. Single generations of canopy insects may be affected during discrete volcanic events, but reductions in insect numbers are short-term phenomena, and between volcanic events, persistent ash in the environment and occasional light dustings do not have substantial negative effects on insect numbers.
Why arenÕt forest canopy arthropods more seriously affected by volcanic ash in the long term and to a more profound degree? We surmise that there are two scales at work: the survival of individuals and the recovery of populations. Given the high rate of reproduction possible in arthropods, it is not surprising that populations rebound quickly, whether the population founders are immigrants from less affected sites or local survivors. Tropical forest canopy studies in Borneo and Peru, in which sample plots were refogged 10 d after the initial fogging, indicated that recolonization of the canopy was well underway even after the complete removal of all arthropods (Stork and Hammond 1997) . Under ash fall situations in Montserrat, where blocks of canopy are not completely emptied of all individuals, arthropod populations will undoubtedly rebound much faster. Whatever the reasons, it seems clear that canopies are quickly reÞlled with arthropods after ash events.
How individuals survive is not immediately clear. Perhaps leaves themselves are refugia during ash fall, with insects clinging to the undersides where there is little to no ash. Or, ash residues may not coat leaf surfaces for long enough after ash fall to present a signiÞcant problem for many canopy residents. Traces of ash may quickly wash or blow off leaf surfaces, and heavily coated leaves die and are replaced by fresh leaves, so that the forest canopy ecosystem may not retain ash long enough after volcanic events to have a continuous effect on canopy arthropod populations. Although ash samples obtained using the leaf-dipping procedure yielded a snapshot of ash conditions at the times insect sampling occurred, there is no way to know whether that ash had been present on the leaves for a month or whether it was deposited the day before.
Population recovery is more complicated. In addition to reproduction by surviving individuals, other factors could include the mediation of ash effects by local conditions, rapid recolonization by survivors from less affected areas, and indirect positive effects of ash on host plants. One intriguing possibility is that the same conditions that result in deposition of large quantities of ash may help mitigate its impact. Matthews et al. (2002) detected a link between some major collapses of the volcanic dome with preceding heavy rainfall, and Cook et al. (1981) observed that ash deposits on the ground may slow water evaporation from the soil. Major ash events may be accompanied by increased available water for plants as they recover from the physiological stress of being coated with ash. Additionally, heavy deposits of volcanic ash can have short-term fertilizing properties (Cronin et al. 1997) , which, in combination with increased soil moisture, could improve food quality and quantity for herbivores. Therefore, in a fertilized and well-watered forest, it is conceivable that insect populations recover under highly favorable conditions. One Þnal possibility is that the greatest impact of volcanic ash is not in total arthropod numbers but in community membership. Given the observed range of variation in response to ash among taxa even at the Order level, there are likely to be a few species that are completely intolerant. Hence, we may be studying a community that is already altered by the loss of extremely sensitive species, which may have been replaced (in numbers) by other, more tolerant members of the community. Although data to test this hypothesis across several taxa are not available, comparison of pre-and posteruption species lists of Coleoptera do not suggest this to be the case. To date, 717 species, including 81 single island endemics, from 63 families of beetles have been catalogued from Montserrat (vouchers in West Indian Beetle Fauna Project, Montana State University). Of these, only 21 have not been recollected since volcanic activity began. Thirteen are species widespread in the region, and of the remaining species of concern, only four conclusively appear to have been lost (M. A. Ivie, unpublished data, 2007) .
The ecological importance of the ash-related decline in arthropod numbers is difÞcult to assess. Little enough variation in forest canopy populations can be attributed to ash that it cannot be considered to be ecologically overwhelming. However, the effect is statistically signiÞcant, and our data indicate that even low levels of ash can brießy reduce arthropod populations by nearly 50%Ña Þnding an insectivore might Þnd large indeed. The observed level of decline might affect a variety of ecosystem functions, including food webs, pollination syndromes, and nutrient cycles. One interaction of interest is the impact on foods used by nesting Montserrat orioles, a question that gave the impetus for this study (Marske 2004) . Although exact trophic and taxonomic responses require further analysis and identiÞcation of the nearly 50,000 arthropod specimens, we regard this study as an important attempt to assess the impact of volcanic disruption in a tropical ecosystem.
